


Noise Outline:

Quantum noise, Physics of Power Spectrum

Fluctuation-Dissipation Theorem, 1n steady
state

Shot-Noise, Excess noise, dependence on
full state of system

Detection: Heisenberg Constraints on
Quantum Amps’



Direct observation of a fractional

charge

R. de-Picciotio, M. Reznikov, M. Heiblum, V.
Umansky, G. Bunin & D. Mahalu

Backscanerad current, I; (pA]

Figure 3 Quantum shot noise a2 a function of the backscattered current, fg, inthe
FOH regime at » =« for two different transmission coetficients through the QPC
[circles and squares). The solid lines comespond 1o equation (2) with a change
O =3 and the appropriate {, For compariszon the expected behaviour of the
noise tor @ = & and f = 0.82 is shown by the broken line.



A recent motivation

LAd

How can we observe fractional charge (FQH!

superconductors) if current 1s collected 1n
normal leads?

UDo we really measure current fluctuations
in normal leads?

ANSWER: NO!!!

SOMETHING ELSE IS MEASURED.



Second Motivation

0.8

Breakdown of FL'T in glassy, Fm

Tithat  <TERD :
+ Bulk %\i

1]

“aging”, systems:

Can we salvage the proper FLT?

(not a stationary system)

Needs Work, but...



Understanding The Physics of

Noise-Correlators, and relationship

to DISSIPATION:




Classical measurement of time-dependent
quantity, x(7), in a stationary state.
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Classical measurement of a time-dependent
quantity, x(7), in a stationary state.

| x(9)
el W S e N VS =P C(O)=<x(1) x(1")>
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Quantum measurement of the expectation value, <x,_ ()=,
in a stationary state.

I <x()>

= C(H=?




STATISTICAL PHYSICS

by
L. D. LANDAU axp E. M. LIFSHITZ

CRITITCTE OF FHTIICAL FRCALEMY, USSR ACADEMY
af i

Volume 3 of Courar of Theoretical Physics

Transleted from the Rusrisn by Peterls ™

e

Thia relation has to be s i

lbeen denoted here i by (a7, Although the x
ﬁ-ﬁtﬂdﬂiﬁ'&i:ﬂhd y real. (Ir i sufBcient

hand side of (118.4) differs from zero only when ' =

Em_ph‘uﬂhﬂqﬂﬁummw&@gﬂ-
Inserting (115.4) in {r} and carrying out the integration over doe’, we find

i
i
&

i
gt
&

1 L
() -;:-r el de, {1e.m
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where the bar denctes averaging by means of the exact quastom-mechasical




The crux of the matter:

The operators £(f) and £(¢') for different instants of time do not, in general,
commute, and the correlation function must now be defined as

$(t'—1) = AR F4(2)a()], (118.9)

where the bar denotes averaging by means of the exact quantum-mechanical

From Landau and Lifshitz,Statistical Physics, '59



From Analysis of correlators:

« NO PASSIVE ZPF DETECTION,
« NEED ENERGY: AMP/”DRIVER”...
« ZPF CORRELATOR FROM F.T. of

ABSORPTION SPECTRUM.

« NO DEPHASING as T+ 0!

( BUT: Nearly degenerate ground-state???)

Usual symmetrized correlator/power specrum -

NO GOOD, GIVES MISLEADING RESULTS!



What is the Physical Noise Correlator?

c(t! —t) = (j(t)i(t")) = Fourier Transf of S(w)
S{w) o power exchanged with EM field.

Classically, both ¢ and § real and symmetric.
Q. M.: j(t) operator, [3(t),7(¢)] #0, [t#1].

clty=c(-t)* #c(-t), Sw)#5(-w).
Van Hove (1954), EXACT:
Sw)=hx PiI(f1310)P8(E; — By — ),

i) - eigenstates, energies F;, populations P;.
At equilibrium, temp 7, = Detailed Balance:
S{w) = §(-w)e~ /%8BT

S(w) = 8(-w) holds only for hlw| = T, |t| = R/T.
’(¢) is not real and not symmetric,

C(t) is not directly measurable,
except via S(w), AT BOTH w>0,<0.



Antenna coupled to EM held with N, photons.

—

s -
Coupling = e [] 4oy
i

S(w) gives:

Emission x'section for N, =0, for w > 0.

Absorption x'section for w < 0, for N|'-‘| =1L
Easily generalizable to finite Nl”l

= The sign OF « is RELEVANT
- Symmetrized: Cs(t' — ¢) = (1/2)G()3() + 7 (¢ )3 (e)).
is customary, but BAD, cf. Lesovik-Loosen.

NO NOISE DETECTED PASSIVELY at 7' =1(
NEED: Active Detector, Amplification, etc



Emission = S(w) # S(-w) = Absorption,

(1n general)

From field with N photons, net absorption
(Lesovik-Loosen, Gavish et al):

N, S(-0) -(N, + 1) S(w)
For classical field (N, >>> 1):

CONDUCTANCE « [ S(-0) - S(®)] / ©



This 1s the Kubo formula (cf AA *82)!

Fluctuation-Dissipation Theorem (FDT)
Valid in a nonequilibrium steady state!!

Dynamical conductance - response to “tickling”ac
field, (on top of whatever nonequilibrium state).

Given by S(-w) - S(w) = F.T. of the commutator of
the temporal current correlator



Nonequilibrium FDT

. Need just a STEADY STATE SYSTEM:

Density-matrix diagonal in the energy representation.

“States |i> with probabilities P, , no coherencies”

* P.-- not necessarily thermal, T does not appear in this

version of the FDT (only w)!



[.andauer: 2-terminal conductance =
transmission

— - = ¢ |
v _:"'_"H;l._ Black Box —>— ?ﬁifli

1 (H) |

| - {
I

G =I/V = (¢?/1rh) |t|? , with spin.

eV =p,- W,



Equilibrium Noise in the Landauer Picture

n * = ju |* =T Y 5 | g I* = | I =(ev T(1-T) )?

Since T(1-T) + T%=T, from van Hove-type
sxpression for S (@) :
*« Temp=0. S((®)x G o,(®<0only)
* Temp >>ho: S (®) o« G -Temp.

(Nyquist!)



Quantum Shot-Noise s, Lesovik)

For Fermi—Sea Conductors, different for
BEAMS 1n Vacuum, for same current.

o— | — - ¢ |
H, > ! E:i*'jmhﬁ@f [—*" ' F'"Fl Left-coming
: + | (T "y = 'E Scattering state

4

<Ik|j rk>>| 2 =v;.> TR, for (k- k* << 1/L)

L S(w) = 2e(e2Vinh) T(1-T), w<<v

= (), w >V . This is Excess Noise.
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Exp confirmation, of T(1-T)
Rezmkov et al, WIS, 1997



Current Noise Measurment in Cuaninm
Point Contact

mhot noise measurmet.
FPauli bloclking effect between all particles.
Charge 1/3 detection (Welzmann — baclay).

Interaction effects

Current Noise Measurment in Beans in
Vacuum. =

mhot finise tnessurtmett.

FPauli hlocking effect between the patticles in
the cutrent only.

Charge 1/3 detection: itapa

Interaction effects.

Is the current noise identical to a beam in vacuum?

Answer: N().The Pauli principle blocks more transitions in the point-contact,
50 a different noise is emitted. By changing the occupancy at the sink (with a

gate), this difference can be manipulated and the radiation spectrum can be
controlled.



eV U = gate potential
4 S, on RHS lead.

- ; : U larger—

el” 7 e+ (s

U<eV

-\ . U larger—

& el eVIF @0



A recent motivation

How can we observe fractional charge (FQHLE,

superconductors) if current is collected in normal
leads?

ODo we really measure current fluctuations
in normal leads?

ANSWER: NO!!!

THE EM FIELDS ARE MEASUREID.

(i.e. the radiation produced by I(t)!)



Partial Conclusions

The noise power is the ability of the system to
emit/absorb (depending on sign of w).

FDT: NET absorption from classical field.
(Valid also in steady nonequilibrium States)
Nothing is emitted from a T = () sample,

but it may absorb...
Noise power depends on final state filling.

Exp confirmation: deBlock et al, PRL 2003.



Full Noise Measurement Chain
Typical experimental setup:

DC Voltage Sample LC Filter Amplhfier Spectrum

analyzer

sources (punp,
idler, FET hias,... )

Display



Problem: Amp + Filter add their own stray noise
to measured result,

NONUNIVERSAL!!!



Examples

A cooled and a warm linear Amplifier,
a phase sensitive or insensitive linear Amplifier

will give different results for S, (V,®).

These differences can be quantum mechanical.

WHAT ARE THE FUNDAMENTAL LIMITATIONS?

Yurke and Denker, PRA, 84






Measuring nonequilibrium quantum noise

Problem. Other types of noise exist in the system. Thermal noise, amplifier
noise, etc...

Solution. Make an excess noise measurement:

1. Measure S, (V. )

Turn on the voltage and make a noise measurement.

2. Measure S, (0 ,m)

Turn off the voltage and make another noise measurement.
3. Subtract the results.

SMEIcess(m) = SM(V ,I‘I.'l) 3 SM(O?m)



However, What about Excess Noise?

Can nonuniversal portion cancel?

It Does, in linear conductance regime!



SV.0)= T die “ (é (0)J . (r)>

NO SYMMETRIZATION!!



'SM,excess {V= ﬂ]} =X

BXCESS

(', @)

Physical meaning of the result

S V,0)=GxS.__ Vo)

A ,exr:ess(

What 1s obtained 1n an excess noise
measurement 1s the excess power-flow
from the sample into the detector. This 1s the
reason for the universality of the result.

Filter and Amplifier strongly coupled to their baths
(==Amplfier noise does not change with sample voltage)



S () =Gx <AL’ >/AQ+S,(Q)

Sy ()= Amp Noise (iIndependent of sample)
€2 = Center filter frequency, L = 1is self-inductance

AQ = filter bandwidth, N, = no of 1ts quanta

<AL?>/ L =[S - 2N,HQ G ()]
(y «c sample-filter coupling)

G,(£2) = differential sample conductance



When 1s 1t valid?

As long as differential conductance does not

change — backilow into sample 15

INDEPENDENT OF VOLTAGE

I.e in linear conductance regime

(also necessary to keep impedance matching!)



How to verily the result?

Make a high frequency measurement and change
the amplifier type.

High frequency is required to distinguish the nonsymmetrized and
symmetrized correlators.

» Make a high frequency, w~F, measurement and
change the amplilier temperature without
changing the sample temperature.



Main Topic:

Fundamental LLimitations

Imposed by the Heisenberg Principle on
Noise and Back-Action 1n Nanoscopic
Transistors.

Will use our generalized FDT {for this!




A Linear Amplifier Must Add Noise
(E.g., CM. Caves, 1979)

ooy [ Al R Oveu N

I.S"p.‘:'-' Xﬂ:Pﬂ




A Linear Amplifier Must Add Noise
(E.g., CM. Caves, 1979)

v npifer o M
XEI a Pﬁl

Xs: Ps

Linear Amplifier:




A Linear Amplifier Must Add Noise
(E.g., CM. Caves, 1979)

v npifer o M
i el 2

I.S"p.':'-' i ? i

Heisenberg principle 1s violated.



A Linear Amplifier Must Add Noise
(E.g., C.M. Caves)

v npificr o M
XEI a Pﬁl

Xs: Ps

Heisenberg principle 1s violated.
= A Linear Amplifier does not exist !



A Linear Amplifier Must Add Noise
(E.g., CM. Caves, 1979)

v npificr o M
i el 2

Xs: Ps

In order to keep the linear input-output relation, with a large gain, the
amplifier must add noise




A Linear Amplifier Must Add Noise
(E.g., CM. Caves, 1979)

v npificr o M
i el 2

Xs: Ps

In order to keep the linear input-output relation, with a large gain, the
amplifier must add noise

Xcz = st al XI'-.I' 3 ‘Pc: = Gp 5 i ‘PH
Il [ X, P.]=-(G"-1ik X, P. act onthe amplifier state

2 g . S
| | | |
N2 n MNa=h

WG — (X P |=[X,, P l+[x,p|=Gik-(G -Dikh=ih




A Linear Amplifier Must Add Noise
(E.g., CM. Caves, 1979)

v npificr o M
i el 2

Xs: Ps

In order to keep the linear input-output relation, with a large gain, the
amplifier must add noise

Xc: = GI.S St XI'-.I' 3 ‘Pcz = GP 5 T ‘PH
Il [ X, P.]=-(G"-1ik X, P. act onthe amplifier state

2 g . S
| | | |
N2 n MNa=h

WG — (X P |=[X,, P l+[x,p|=Gik-(G -Dikh=ih

Where do X; and P;; come from? What is the noise source?



A Linear Amplifier Must Add Noise
(E.g., C.M. Caves, 1979)

Amphfier Qutput Detector

I.S‘f‘p.':'.' Xcl"PcI

Examples: x and p of an harmonic oscillator, or the
positive-frequency and negative-frequency fourier
component of a current.

x and p have simple c-number commutators. This is HOt
the case for the current componenets! Have to

consider their expectation values, using
generalized Kubo.



Cosine and sine components of any current
Filtered with window-width Aw

Aw/2 |
[.(t dw I{wg + w)e ™" + H.c.
=75 L



Scheme of Amplifier




This generalizes results on
photonic amps, where the current
commutators arc c-numbers.



For phase insensitive linear amp:

gs

| 1/2
[1o(t) = G (E) Tse(t) + Ine(t).

1/2

ILS(IL) =G (UL> I ]S--(ﬂ T L\h(f) a

gs

g; and g, are load and si1gnal conductances (matched
to those of the amplifier). G* = power gain.



Our Generalized Kubo:

S(~w) — S(w) = 2hwg.

where g 18 the differenfial conductance, leads to:

([L.(t),I5(t)]) = dihwogAv .



From our Kubo-based
commutation rules:

(In(t), Ine(t)]) = 2i(G? — 1)hwogr Av .
Hence:

Al Aln. > (GQ — l)fwgyLAU :

(See PRL 93, 250601 (2004).)



Average noise-power delivered to the load

| 1
Pry = —(I%(t)) =
qr. 291,

5—[(Inc) + (Ins)].

PLN 2 ﬁw‘g( ;2 = 1)&?)

(one-hall 1n one direction)




A molecular or a mesoscopic
amplifier

Resonant barrier coupled capacitively to an imnput signal

o LQ=1,()




A molecular or a mesoscopic

amplifier

Resonant barrier coupled capacitively to an imnput signal

\

\“H-“'H-_

S

B

L(Q)= I(Q)G I(Q)

L(Q)

l'"_-; QB
‘""‘-‘;lr mput siganl
HI-;

=t



A molecular or a mesoscopic
amplifier
:

Is I1,(Q) enough to supply the [ (Q)=1,(Q)+G I (Q)+ 1,(Q)
necessary noise?



A molecular or a mesoscopic

amplifier
?
Is I1,(Q) enough to supply the [ (Q=1,(Q)+GI(Q)+1(Q)
necessary noise? The expansion
starts from the second term. .. GI(Q) <y
I1(QQ) ocy?

v = cplg to signal



A molecular or a mesoscopic

amplifier
?
Is I1,(Q) enough to supply the L(Q=1,(Q)+G L(Q)+1(Q)
necessary noise?
GI(Q) vy
() ocy

This question 1s important for a molecular or a mesoscopic
amplifier because of two specific charactenstics:

1. There 1s a current flowing even without coupling to the
signal.

2. The amplified signal 1s proportional to the coupling
(unlike most other quantum amplifiers)



Constraint on this amplifier:

SU{'_"}LS;m 2 G:[Saa(_Q) _SSS (Q)]




Assumptions

*The amplifier 1s an a stationary state
* Small bandwidth
A << Q)

*Small coupling between the amplifier and the signal

_eAQ.

= - << 1
Cgk

1

* The correction to the (differenhal) conductivity of the
amplifier due to the coupling with the signal 18

amplifier amplifier
Gipo —Gupo x4




Amp noise summary

* Mesoscopic or molecular linear amplifiers must

add noise to the signal to comply with Heisenberg
principle.

» This noise 1s due to the original shot-noise, that 1s,
before coupling to the signal, and the new one
arising due to this coupling.

« Full analysis shows how to optimize these noises
(PRL 96, 133602 (2006)).



‘E'f.ﬁi' EXCESS {r 2 fﬂ) =L :g a5 ﬂq p t‘fﬂ)

Noise Conclusions

Current noise measurement 1s setup dependent

However, nonequilibrium excess noise can be
setup independent since 1t basically measures the
power flow from the sample into the detector.

At 7=0, An excess noise measurement yields the
nonsymmetrized correlator, does not contain ZPF.

Generalized FDT used to get constraints on amps’
Since power, . 1S measured
— can get in spite of

Amplification process gives




Review of Decoherence
(mainly with mesoscopic Physics examples)

Yoseph Imry

the Weilzmann Institute



OUTLINE OF DECOHERENCE

+ Interference -- basics of wave physics ((Q.M.), examples

« What destroys 1t? “Decoherence = Inelasheity - change of
state of environment = which-path detection = interachion
with environment fluctuahons

* Some Physical remarks

» Disordered conductors -- especially low dimensions.
* Nonequlibrium dephasing by “quantum detector™.

* Low-temperature limit 7?7

* Queshons



Two-slit interference--a quintessential QM
example:

o1 = |pr]e™
=
=3 I
j _'_._'__'_,_.—"
3 .
I a2 = |pale’™ P
Plane wave Screen Interference
pattern
B0y a2

o1 = |@1|e?t, 2 = |p2le
Pis = |1 +¢2|* = |ea]? + 2] + 2|e1|le2] cos(an — a3)

“T'wo slit formula”




A. Tonomura: Electron phase microscopy

Each electron produces a seemingly random spot, but:
Single electron events build up to from an interference
pattern in the double-slit experiments.



A-B Flux 1n an 1solated ring

A-B flux equivalent to
boundary condition.
Physics periodic in flux,
period h/e (Byers-Yang).
“Persistent currents”exist
due to flux.

They do not decay by
impurity scattering (BIL).




frequency

12
(e/4h)

16



Quantum Oscillations and the Aharonov-Bohm Effect for Parallel Resistors

Yuval Gefen and Yoseph Imry
Department of Physics and Astronomy, Tel Aviv Unfversity, Tel Aviv 69978, Isvael

and

M. Ya, Azbel™
IBM Research Center, Yorktoun Heights, New York 10598

(Recelved 14 March 1983)
Closed system!

|
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Altshuler, Aronov, Spivak, Sharvin?



Webb

W ashburn
Limbach
Lakawinz

Rasistance

Founer Spectrum

Aharanow-Bohm Effect in Normal Metals

Blaanatic Fusled Seals

YRA O O



Matter-wave interference (Ketterle’s group)

Interference of two expanding, overlapping BEC’s,
which started as independent



“DBCOhEl‘El’lCE”, by environment

(via cplg to all other degrees of freedom)

Two-wave interference * What sp::sils the 2Re(V,
W, W,* ) interference?

¢ Leaving a ("which
path") trace 1n the

environment :
<envl lenv2> =0

¢ Inducing uncertainty in
the relative phase,

Imersl

[¥]° arg(V; W,*)



Electromagnetic
Coupling to other

degrees of freedom

This 1s what

charged Particles

always do!!!



These two statements are
exactly equivalent (SAI, 89)

Proof: by considering the
time evolution operator, 31}6220(1) o {env1|env2==-~0
U=T exp[—(lfh)lt Hy(t") dt’]

» Uinduces changes in the
environment state

FLUCTUATION-DISSIPATION

" and creates an uncertainty

in the phase, g—arg(*¥; ¥,*) THEOREM (FDT)

" determined by the dynamic
correlators of Hy(t).



Physical Remarks

% No dephasing if identical “* Reabsorbing the
excitation is produced by 2 excitation restores the
paths. phase.

% But: After interaction is

“* How much energy transferred switched off, env’t
is irrelevant! (once transition becomes irrelevant.
has occurred). *» Special effects: Retrieval

of interference by

+ Excitation should resolve measurements on env't.
the 2 paths: (epr, Stern,

Hackenbroich

ke (x; —X,) ~ 7 &Weidenmuller)



1/ » ~ rate for particle to excite
environment (and lose phase!)

Probability to excite the
envirenment hll iime t,

for a parficle moving in
medium, can be calculated
via the

Fermi Golden Rule

Results produce all known
cases (dirty metals, any d)

= 1/1,=J dgq fdw |V ]?

Sp(_q:' = E.IJ) : Ss(q: E.IJ)
ft f
parficle env.

S (q, (W)=dynamic structure factor=

F.T [density-density corr. Fen]

Measures the corr. of space-time

density fluctuations = much
physical mfo. Known for models.

(sce later...)



Agreement (of AAK results ) with experiments:

Narrow wire (“quasi 1D7):
1/7,~ T3

Very nontrivial (FKLT?7?7?

What does exp say?

0.1

l
T (K)

FIG. 2. Temperature dependence of 7y. The solid line is the
best power-law fit 7, =7.7x 107" (T/K) %%,



Controlled Decoherence
Buks et al.




Effect of
Which-path
detection

on visibility
Of interference

Aharonov Bohm QOscillation
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Nonequilibrium controlled decoherence

* No FDT out of equalibrium

* Purely Quantum-Mechanical
Detector : Quantum point
contact (QPC).

NO CLASSICAL
OBSERVERS, etc...

Buks et al; Theory: Aleiner, Meiwr
& Wingreen, Levinson. ..

electron here?

electron detected

via change of

CURRENT




Calc of T (for dephasing Té ~ dwell time)

T¢ 1s the time through
which the shot-noise of 2
the detector current is ~

its mean change via AT
due to electron in dot:

1 ewary .

C 8mAT(-T
T, ( )

Obtained from:

Orthogonality induced In
detector state (Buks et al).

Real transitions induced in
the detector (Aleiner et al).

Noise induced by detector
on electron in dot (Levinson).
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¥y . () The wisdahiy of th AB oo ilaianes &
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LOW-TEMP SATURATION OF 1,7

Mohanty, Jariwala and Webb (1997) and many others.

Must rule out: EXTERNAL
NOISE, MAGNETIC
IMPURITIES, heating...
DISAGREES WITH USUAL

THEORY: 777

Debye-Waller-type
phenomenon?

Unexpected low-energy
excitations?

Nonequilibrium effect?

11]: —rrrr 1

T.Ans)

T2 (K~V%)

1072 107 10" 10!
T(K)

10°%

FIG. 2. Temperature dependence of 7, for four Au wires.
Sulid lines are fits 10 Eq. (1) with phonons.  The insef is the
EE contribution 1 Ap with the theoretical prediction.



No Dephasing as T— 0 |

Starting from our expression:
lir,=J dq [dew |V,
Sp(_ql - w) * 8.(q, w),

we see that supports of two 8's
DO NOT OVERLAP> [ = 0.

Unless 1 g.s. degeneracy
(e.g. spins, disordered and
unscreened!).

T — 0 deph ruled out

by laws of thermodynamics!

environment

S

particle




What can cause apparent saturation of true l/7, ?
Need abundance of “soft” low-energy modes

/

7
|

/

i

\
7

ﬂv/

B

2A = 24/QZ + B2,

Lo

Can be magnetic impurities,
Or (Y1, Fukuyama, Schwab, 99)
Two-level systems (TLS),

as suggested by Anderson,
Halpenn and Varma for the

low-T properhes of glasses.
Should exist due to disorder!

In both cases, 1/T¢ will vanish
when T — 0.

Proper distribution of B and £)_ can explain apparent saturation



Experiment: T— 0 deph is an interesting

Pierre et al, 2003, artifact

Magnetic impurities in
the metal. {ppm level)

AR (%)

nEmply Mo S0

wE Ovadyahu, 2001 (T = .3K):
b e e Nonequilibrium effect.

o ey i ..e. out of linear transport!
R T T Nonmagnetic (in INO..).

Eeslmm= kgT !l



We used equilibrium correlators to prove the vanishing
of 1/7o when T— 0.

Such correlators determine the linear response
conductance (and magnetoconductance).

It becomes crucial that the exps probe the linear
response (I, V — () regime.

Finite V opens more inelastic (hence, dephasing)
channels!

Ovadyahu’s results show that the conditions for that
are more strict than usually expected!!!



FHYSICAL REVIEW B, YV OLLMME 63, 235405

Noneqgquilibrivm dephasing in two-dimensional indiuvm oxide Alms

L. Orvadyahu

The Racak fwarince of Phyvaics, The Hebrew UsAorminy, Sorsissles 2004, firoel
(Fecerved 20 Movemiser 2000, pubslimbed |4 Moy 2000 )

Wl report on pesalis of resistince K and magnsorcsntncs in diffssive mdiom oxade films pwessored down
e F=02RK Amlyoog the dota uming weak-lecalization theory shows thal the phasecoberent time 7
imcresses Wy ot bound s F— 0. However, thia result s obtmined only when the volages applied o the ssmypsle
F e safficionily small. 'Whea P is act small, v, may appeas o "“mafumis” " while B coatinnes o incfeame an
M=, Pomable ressons for thes mingumg bebavior are disconssed. It & srpoed gt oo owt-ofegquls braorm
silmations i T and rp0 I need ot bedbove smilarky. We sugged & hiswnstc pcture, |l:n'l.-:nl'n-'i:rluggl rowce kel
wystmme, which might be conisient with oar cbsoroation
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FIG. 9, The dependence of I o F for Ing0y ., (sample No. 1)
and Iny_, cAl iurnpl'.' M, 41

"For the “no Au” sample, an unusually
minute driving field is necessary for

Linear transport (note apparent constancy at
higher fields!).

*But, electrons are not heated (confirmed
from AA corections to R(T), as Mohanty et al
did).

A dding gold, facilitates getting linear!
sSystematic studies produced the very
nontrivial condition for linearity of the
transport, in terms of the electric field used
for the measurement.




Experimental condition for linearity of the
transport (NOT HEATING):

Can always be written in terms of a (surprisingly long) length:

¢cEL <<kg,T

What is L?

Experimental result: L=L (for L. << L

er'’? sample)

The length to transfer the field-supplied energy away.

Based on a thorough study, unexpected theoretically.
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FIG. I4. The erifical field {eee texi) for the varsous '||:|:D.._,

F ["u'fm] (circhesh and DOk, 0 A samples (other symbaole) st various wem.

w1 iy : o T peratures. Samples Mos. dial, 4ib), and 4ic) are from the zarme

FIG, 12, Dependence of 1hc.|dal't'|:mnt|al resistance on Foat sev- batch ae sample Mo. 4 except that, for L is B0 um, and for tample
eral temperatures (sample No. 20) dic) L= | mun ithe latter was meaaired I:l-:.-' [, Shahar). Dashed and

dotted lines d.ll;'FlH:t 5||.1FI¢:. af 1 and 2, w-.p-ecln'eh,'. s ]_{llllk'ﬁ fo the
oy,



The Real Question:

« How can the electric field cause
dephasing without heating?

* Possible in principle! Precise answer

here seems to depend on TLS’s



Qualitative explanation

¢’s and TLS are well coupled.

TLS weakly coupled to bath, via 1, ; 5 (but better
than e’s!), their ¢, >> that of the ¢’s.

e-TLS-bath channel gives dominant energy-
relaxation.

¢’s dump all field energy into TLS, whose temp
changes little, rate of relaxation to bath: 1, ;.

O excitation (dephasing) with no heating!



Another Intriguing Exp Result:

107 p —r—rrrrry ——r—rrrry
ke, Tl
. a @
\ - A e
1';"1'.' % - * A !}. .
i S, sl g ]
. - -:-ﬁ-ﬁ- a-ﬁ
> : &-“' & -'r-
E “ c“. I"-..1
ey ! n;l o o (R =50082)
& b=
w" 5 &t sample # ]
o LI ]
o ® . 0%Au o 2
™ & 3
" £
S0 Au e s
1I:I' - E K A i i i all k. Idaal-
i i’ 10
TiK)

FiG. 11, Dephazing rtes o o fenction of wemperabure for the

sadied Blme. Thewse were obtoaned from the ME dota af small &

f i3 | s
iypeeally 6 10 YVimat F=028K, 32107  Vimoat | K, and 0.3

Vim ol higher temperatures). For comparison, we mchede the
electron-clectron dephaang mie ';,';. epected of 0 20 system with
Ho=350011 ibamed on Ref, 205

Doping the samples with

more Au, leads to quasi-

saturation of 1/T¢ , but
followed by a rapid

decrease at lower T! (as
in the IFS model)

Au goes into a O (or O,)
vacancy— a large rattling
cage — may have a few
minima structure.



Exp. results, disordered InQ:Au, Zvi Ovadyahu

—— selp" ———
we ]
an | w
M L
04 - ..Jj
U.E - ’Di
on | o" | p' 3

u ‘F-h -
gu 1 1 1 1 1 1 1 1 1 u- Elﬂ
28 20 -18 A0 45 B0 OF 10 18 20 2] - 5
M T T T T T T T T T T T T T b = 5 .'
2 w r
ns H L .ﬂﬁfn
T=l 3K -
¢ - FPof
a3 o D*Er
. 0
04 f Eljj
3
™ 10™ ! '
oa b - - - : - - 2.8x10" 10° 10
[ 1] - ' 1.0 148 0 =1 0 LA T I:K}

H (T)
ME for InO4 Au sample (thickness 2004

with 2% Au). Dashed lines are fits to theory 17T vs T for the same sample. The dotted/dashed

: : lines are fits to our theory with a symmetric well,
using a single l.l"Tﬁ for each of the temperatures BiH s th eanable preEbiorand 1 B

show, one above and one below the anomaly. adding the standard e-g AAK 2D/3D result



A Double-minimum TLS model (IFS)

{1,18 the tunneling matnx-
element between the two wells.
A Bom-appr calculation for
n_1mpunhes of x-section ¢, 1n
a unit volume, for electrons
with Ferrm velocity v at temp
T, pives (4a°f° 18 the well
asymmelry parameter, 2£1 /A
(=1 1n the symmeinc case):

A 02 + B 1 d(afB)*nsvpaq
O F — s - = . ' i :
2 2\ 455 + 5. Tin,s  cosh“(A/(kpT’))




Averaging the result over the TLS

distribution:

Fin/ T

Q.07

; /‘_,___———*__
0.D4 E=
i i) a-"’?_x
// :
0.0z
/ a1}
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-

P

1 2 3 4

ke T/A

Figure 1.4. The inelastic cross-section of the TLS us a function of kaT. (a) A single TLS
{Bg. 1.12) with B = 3 and 1o = 1 (all energies in the same units). (b} The cross section
averaged over the distribution of Eq. 1. 14, with By = 20, (i = 0.2, and (4,0, = 2. Note
the qualitatrve similanity between these resulis and the hump of Fig. 3. Adding the electron-
electron contribution as i Bef. [4] produces g repsonable fit of the experimential resulis with o
TLS modelsee Fig, 3

We use a convenhional
TLS distnbution, as in
the theory of 1/f noise:
B and In{lo are uniform
between 0 and B___and
{1 . and {1 . It was
sugpested by IFS to be
relevant for the low-temp

Dephasing problem.



Decoherence, CONCLUSIONS

* Mesoscopic Physics helps us : :
understand fully the issue of Interesting Physics

decoherence (limiting the for low T!
quantum behavior), which i
happens around T, the
(de)coherence time. 4

* Decoherence rate vanishes, as Pl
T—0 1! L] e

* Other cases where TLS are ”_E“% |
relevant (Josephson qbits!!!). BT




Questions for the future:

What are the physically relevant “soft”
impurity potentials?

Fuller understanding of nonequilibrium
behavior.

A larger body decoheres faster. How can we
avoid that? Glauber states? LRO???7

Other cases where TLS are relevant (Josephson
qbits!!!).



The end

Thanks for attention!!!

Support by: ISF (centers of excellence), GIF, DIP






